Abstract: Windshield-type vehicle head-up displays (HUDs) are increasingly popular and stepping forward augmented reality; however, the windshield causes an annoying problemghost images. By now, the maximal extent of ghost images has not been determined for an HUD with an acceptable legibility. In this paper, to find the quantitative criterion of ghost images regarding subjective perceptions, we first design an HUD using a rotatable aspheric reflector and a wedge-glass windshield. Optical design of the HUD and experimental results of high-quality images are discussed. Next, eight different disparity angles between the primary and ghost images are controllably generated by rotating the aspheric reflector. Based on this HUD platform, human factor experiments utilizing a simulative automotive driving environment are conducted, in which the eight disparity angles are provided to 12 subjects under three ambient contrast ratios (ACRs). The human factor experiments demonstrate that the maximal disparity angles for an acceptable legibility under the ACRs of 3.90, 2.49, and 1.80 are 0.006°, 0.017°, and 0.024°, respectively. These maximal acceptable disparity angles are important references for quantitatively and efficiently evaluating the optomechanical system of an HUD. In addition, they can help to make vehicle laws and regulations for HUDs.
Introduction
Currently, vehicle head-up displays (HUDs) that directly project images onto the windshield are popular in high-end cars, and are also appearing in middle-end and even entry-level cars [1] - [7] . In comparison with an HUD that adopts a pop-up combiner, an HUD that projects onto the windshield provides improved driving safety and more comfortable driving experiences [1] , [2] . However, internal and external windshield surfaces generate two virtual images of comparable brightness at different positions, as shown in Fig. 1(a) . The virtual image produced by the external surface is called a "ghost image," which disturbs the driver's view of the primary image produced by the internal surface [7] - [10] . A ghost image reduces the legibility of an HUD and hence causes comfort and safety issues. Especially, since vehicle HUDs are now stepping towards augmented reality (AR) by displaying increasingly abundant content [5] , [11] , their legibility should be guaranteed within the acceptable extent of the ghost image.
To solve the ghost image problem, some practical solutions are now being adopted, such as a wedge-glass windshield [8] - [10] , which has a small wedge angle between the internal and external windshield surfaces to superimpose the ghost image on the primary image in the driver's line of sight, as shown in Fig. 1(b) . However, the ghost image problem is difficult to be solved completely. For instance, mechanical adjustments (e.g., image height tuning), errors of the opto-mechanical system, and changes to the curvature of the windshield may all cause perceptible ghost images to arise again [3] , [6] . Therefore, the maximal acceptable extent of a ghost image under which the legibility of an HUD by a driver is acceptable needs to be known as a reference for HUD design [12] - [15] . In addition, laws and regulations for vehicle HUDs are under preparation in many countries, which also call for a quantitative criterion of ghost image for driving safety and visual comfort. As discussed above, the maximal acceptable extent of ghost image is of great importance for HUDs; however, it has been little studied [12] . Moreover, it is quite unpractical to optically treat the windshield, e.g., adding optical coatings or films, because it is usually nondurable against the operating environment of a car, or even illegal in some countries [8] - [10] . Therefore, the brightness ratio between the primary and ghost images is completely determined by the Fresnel equations for reflection and refraction. For example, it is a typical configuration that the refraction index and angle of reflection are respectively 1.5 and 65°for the windshield. In this way, the reflectivity for s-polarized light, which is generated by a liquid crystal display (LCD), can be simply calculated to be approximately 20% at the air-glass interface, then the brightness ratio is fixed at 1 : (1−20%) 2 = 1 : 0.64 because the ghost image goes through two extra refractions, compared to the primary image. In case that the brightness ratio is usually unchanged across most of HUDs, the disparity angle between the primary and ghost images, defined in Fig. 1(a) , is of primary concern for the ghost image performance.
In this paper, we first design and implement a high-quality HUD using a 1.8-inch LCD, a rotatable aspheric reflector and a wedge-glass windshield. The wedge angle of the windshield can eliminate the ghost image for the initial position of the rotatable aspheric reflector. Next, the aspheric reflector is rotated to adapt to different driver heights. Simultaneously, the elimination condition of the ghost image is broken, and disparity angles between the primary and ghost images corresponding to different rotation angles are calculated. On this HUD platform, human factor experiments are conducted in a simulative automotive driving environment. Twelve subjects evaluate the legibility of HUD images corresponding to the controllable disparity angles under three ambient contrast ratios. Finally, the maximal acceptable values are determined by analyzing the experimental data.
HUD Design and Implementation
Currently, the most widely used commercial HUDs adopt projection optics to generate a virtual image on the front of a windshield [3] - [6] . Therefore, to make the human factor investigation of ghost images practical for actual products, we first design and implement a projection-type HUD with a similar architecture. In this section, we will discuss its design method and experimental results to demonstrate the hardware platform for the following human factor investigation. Fig. 2 shows the optical architecture of the projection-type HUD, which comprises a 1.8-inch LCD using an LED backlight unit (BLU) and a projection imaging system using a flat mirror, an aspheric reflector, and a wedge-glass windshield. The aspheric reflector can be rotated from −2°to +2°for different driver heights.
Image Source
An HUD is required to output an image with a luminance as high as approximately 10,000 nits to combat bright sunlight [5] . Moreover, the transmittance of the LC panel and reflectance of the windshield are usually both lower than 10% [16] - [18] . Therefore, the luminance produced by the BLU of the LCD should be extremely high, above 1,000,000 nits. To produce such high luminance, 13 1-Watt LEDs arranged in a "4-5-4" hexagonal array are adopted, and a total-internal-reflection collimating lens is designed to be added onto each LED [19] , [20] , as shown in Fig. 3(a) . Fig. 3(b) shows the simulated angular luminous intensity profile of the central point of the BLU, whose halfvalue viewing angle is ±8°. Benefiting from this collimating lens array, on-axis luminance of the BLU is 1,390,000 nits when each LED is fully driven to output a luminous flux of 129 lm. Finally, this BLU is combined with an LC panel that is 1.8 inches (39.8 mm by 22.4 mm) with a resolution of 640 by 480, in compliance with automotive standards, to form an LCD image source.
Projection Imaging System
In this projection-type HUD, a virtual image of the LCD image source with an image-to-driver distance of 2.5 m and a field of view (FOV) of 6.2°(horizontal) by 4.6°(vertical) is expected along with a 130 mm by 60 mm eyebox, in which either eye of the driver can see a complete image. To fold the light path for the tight space under the dashboard of a car, an off-axis catoptric system is adopted [21] - [25] . Additionally, considering that using more than one curved reflector leads to additional assembly and fabrication costs, we adopt only one curved reflector here, as well as a flat mirror to further fold the light path, as shown in Fig. 2 . Corresponding to the aspheric windshield whose curvature radii in the vertical and horizontal directions are 6320 mm and 3550 mm, respectively, the curved reflector has a biconical surface with added x and y polynomial terms, whose sag is given in (1). To provide enough focal power, suppress the aberration, and eliminate the binocular disparity for different rotation positions of the aspheric reflector, the parameters in (1) are carefully determined to build an optimized opto-mechanical system [23] - [25] . To comprehensively investigate the image quality across the FOV of 6.2°by 4.6°, nine representative fields corresponding to nine different positions on the whole LCD plane are selected, as illustrated in Fig. 4 (a). Using reversed light paths that are widely adopted in visual system designs, we construct a non-sequential model of the HUD in LightTools software, as shown in Fig. 4(b) . Here, light beams of the nine fields are emitted from the eyes with a convergence angle corresponding to a virtual image 2.5 m away, and can all be well focused on the LCD plane, indicating that a clear virtual image with the prescribed FOV can be generated according to the reversibility of light path. We also construct a sequential model in Zemax software. Sagittal and tangent modulation transfer functions (MTFs) corresponding to the two eyes are simulated, as shown in Fig. 5(a) . Here, since the pixel size of the LCD is 62 μm, which leads to a cut-off frequency of 8.1 cycle/mm, MTF within this range is of concern. An image of grid wires corresponding to the FOV of 6.2°by 4.6°is simulated to observe the distortion performances, as shown in Fig. 5(b) . In consideration of binocular vision, the divergence/convergence diagram is simulated across the FOV, as shown in Fig. 5 (c). MTFs higher than 0.6 within the cut-off frequency, a distortion rate smaller than 1%, and a positive vergence smaller than 2 mrad in both vertical and horizontal directions indicate: a high-quality virtual image is produced by the HUD. To investigate the image quality corresponding to different rotation positions of the reflector, MTFs are also simulated for two eyes when the reflector is rotated to +2°and −2°, respectively, as shown in Fig. 5 (d) and (e). As can be seen, when the reflector is rotated to the maximum angles, the MTFs can still keep higher than 0.5, indicating a consistent image quality within the rotation range. In this way, when the reflector is rotated in the following human experiments, the human perception of the ghost images will not be disturbed by a deteriorating image quality. Such an image quality can be compared well with that of current commercial products [21] , [26] , [27] . The high image quality will be discussed at the end of this section via experimental results, which demonstrate a reliable hardware platform for human factor investigation. where c is the reciprocal of the curvature radius, k is the conic constant, α and β are the polynomial terms, and N is the polynomial order. The subscripts x and y denote the x-and y-directions, respectively.
Ghost Image Elimination
The optimized design of the projection imaging system guarantee that a high-quality primary image is generated by the internal windshield surface. To eliminate the ghost image generated by the external windshield surface, a wedge-glass windshield is adopted. An appropriate wedge angle θ needs to be calculated to position both the primary and ghost images in the driver's line of sight, so that the ghost image can be superimposed on the primary image, as illustrated in Fig. 1(b) .
To this end, a ray tracing calculation is implemented by Matlab software. In this calculation, as illustrated in Fig. 6 , 15 rays are uniformly distributed over a viewing angle of ±5°emerge from the central point of the LCD (the object). After being reflected by the designed aspheric reflector and the internal windshield surface (the flat mirror with no optical power is omitted here), these rays propagate into the driver's eye. By tracing the rays backward to a perceived point of origin, a primary image 2.5 m away from the eye can be found, which is guaranteed by the optical design introduced before. Next, by letting the rays transmit through the internal windshield surface, be reflected by the external surface, and transmit through the internal surface again, the ghost image can be calculated similarly.
In the test car, the eyebox inclination is 5°, and the thickness, refraction index (n), and inclination of the windshield are 5.2 mm, 1.5, and 31°, respectively. Here, since the wedge angle is usually very small (<1 mrad, [8] - [10] ), the thickness variation across the windshield region used for projection is no more than 0.1 mm. Thus, the thickness of the windshield is regarded as a constant in the calculation of the wedge angle. These specifications are used for calculations, and Fig. 6 shows the calculated positions of the primary and ghost images corresponding to different values of wedge Fig. 6 . Positions of the primary and ghost images corresponding to wedge angle θ from −1.6 mrad to 1.6 mrad with a step of 0.2 mrad (the shape of the windshield in this figure corresponds to a positive θ) . Scattering points in different colors denote different wedge angles. angle θ. Note that the ghost image is actually a series of scattering points, since extra optical powers are introduced by the thickness of the curved windshield, and a sharp ghost image cannot be generated. By iterative calculations with a precision of 0.01 mrad, the wedge angle θ under which the primary and ghost images can overlap is 0.62 mrad, as shown in Fig. 6 . In addition, according to the calculations above, the ghost and primary images can overlap perfectly in only one viewing position; thus, it seems that the ghost image cannot be perfectly eliminated for two eyes simultaneously. Nevertheless, the interpupillary distance is so small compared with the image distance of several meters that the ghost image in the horizontal direction is usually neglected; that is, the ghost image problem is concerned only in the direction perpendicular to the ground [6] , [8] - [10] .
Results of the Optimized HUD
The designed HUD is fabricated, as shown in Fig. 7(a) , and installed in the test car with the wedgeglass windshield determined in the last section. Through electronic and software development, an actual HUD system is established, whose virtual images, captured by a camera, are shown in Fig. 7(b) and (c). Clear and sharp virtual images without ghost images can be seen. By measuring with a luminance meter and a camera, the full-on luminance is 11,322 nits, the FOV is 6.1°(horizontal) by 4.7°(vertical), and the image-to-driver distance is 2.6 m; these measurements are all in close proximity to the expected specifications.
An HUD with high image quality and no ghost images has been designed and implemented. Experimental results demonstrate a reliable hardware platform on which the following investigation of the maximal acceptable extent of the ghost image can be carried out reasonably and accurately. Additionally, the HUD design with only one curved reflector is superior to that with multiple curved reflectors, since the assembly and fabrication costs can be significantly reduced. 
Human Factor Investigation

Generation of Controllable Ghost Images
In the HUD designed in-house, as mentioned before, the aspheric reflector can be rotated from −2°to +2°to tune the image height for drivers with different heights, as shown in Fig. 8(a) . The corresponding tuning range of image height is ±56 mm, because the windshield-to-driver distance is 800 mm. Fifteen tuning steps are uniformly distributed from −2°to +2°. When the aspheric reflector is at the initial position (rotation angle is 0°), the ray tracing calculation in the last section reveals that the elimination condition of the ghost image can be exactly satisfied. However, when the reflector departs from the initial position, the light path is changed; thus, the elimination condition is broken to a certain degree. For example, from Fig. 8(b) to (c), the reflector is rotated from the initial position to +1.5°. Correspondingly, a perceptible ghost image appears.
In current commercial HUDs, the function of driver height adaption is usually realized by rotating the reflector [11] , [12] , which is the same as the HUD designed in this paper. As discussed above, a perceptible ghost image will be induced when the reflector departs from the initial position because the elimination condition of ghost image is broken to a certain extent. Such a feature is not expected in an HUD; nevertheless, with the aid of this feature, we can control the extent of the ghost image accurately. To be specific, when the aspheric reflector is rotated from −2°to +2°, the ray tracing calculation method is used to calculate the primary and ghost image positions. Next, using the definition of disparity angle shown in Fig. 1(a) , as the field angle between the primary and ghost images relative to the driver, disparity angles for varying rotation angles can be calculated, as shown in Fig. 9. From Fig. 9 , the situations of positive and negative rotation angles are similar; thus, only the positive rotation angles are adopted for the following human factor experiments. In this way, when the aspheric reflector is rotated between 0°and 2°with eight uniform steps, eight disparity angle levels can be produced controllably, as shown in Fig. 9 and Table 1 .
Human Factor Tests
We have established a high-quality HUD with a rotatable reflector, which is able to generate eight different disparity angles between the primary and ghost images. Based on this HUD, human factor experiments are conducted to determine the maximal acceptable disparity angle according to the subjective perceptions of drivers. Twelve subjects aged 23-to 53-years old participate in the human factor experiments to evaluate the ghost image. To simulate an actual driving situation, a simulative Fig. 9 . Disparity angles varying with rotation angles from −2°to 2°; eight disparity-angle levels for the following human factor experiments are marked with black circles. automotive driving environment is projected on a screen 2.5 m away from the driver sitting in the test car, as shown in Fig. 10 . The screen with the driving environment projected on it is large enough to fully cover the vision of the driver; hence, the real ambience out of the screen cannot affect the driver's perception. The white grid image in Fig. 8 , with different extents of ghost image produced by the rotatable reflector, is shown as the test image. As the test method for see-through HUD images has been little studied, it is difficult to find an acknowledged test chart for it. By considering that we focus on the influence of the ghost image on the legibility in this study, a test image that can fully expose the ghost image is desired. Therefore, the gird image is a good approach because the ghost image only takes place in the vertical direction of the image. If some other charts that do not contain sufficient horizontal lines are used, a bad ghost image performance may be ignored by mistake. In addition, in this study, we focus on the subjective responses to the luminance signals Degraded Legibility -can clearly perceive a ghost image, and reading of the primary image is mildly affected 5 Poor Legibility -can definitely perceive a ghost image and has difficulty in reading the primary image of HUD images by using this white test image. According to the previous studies of human vision, the human vision system is more sensitive to luminance signals than to chromatic signals when the spatial frequency is high, as shown by the contrast sensitivity functions of luminance and chromatic signals in Fig. 11 [28] . Since a critical ghost image always comes with a high spatial frequency, it is the luminance signals that determine the perception of the ghost images rather than the chromatic signals. In this way, the following results of the maximal acceptable ghost images obtained via the achromatic test image can be directly used for chromatic HUD images because the achromatic luminance signals have a stricter criterion than the chromatic signals do. In the future work, we will do experiments using chromatic images to verify this theoretical discussion. The drivers' subjective perceptions of the ghost image performance is classified into five rating levels (scores 1 to 5), whose descriptive rating criteria are given in Table 2 . Based on the criteria of the ghost image performance, the legibility of the HUD is also classified from "perfect" to "poor," as can be seen in Table 2 . First, the 12 subjects evaluate the ghost image corresponding to the rotation angle of 0°. As a result, all the subjects cannot perceive the ghost image definitely, in accordance with the description of score 1 in Table 2 , which also reveals that our calculation of the wedge angle that can eliminate the ghost image is completely accurate. Next, the 12 subjects evaluate the ghost image produced by the maximal rotation angle of +2°, and they all report that the ghost image performance is so poor that it warrants the rating criterion of score 5. In this way, the subjects have been trained to understand the best (score 1) and the worst (score 5) ghost image performances.
Moreover, by considering that ACR, which is defined in (2), may also influence the perceptibility of ghost images [12] , the image luminance is set to 305 nits, 156 nits, and 84 nits, while the ambient luminance is kept at 105 nits, so that three ACRs of 3.90, 2.49, and 1.80 are generated. Here, as mentioned above, the ambience is fully simulated by the images projected on the screen and the real ambience out of the screen cannot affect the driver's perception, thus the luminance from the real ambience, or to say the general lighting, is not considered. The most suitable ACR regarding driving safety and visual comfort is approximately 2:1 according to the previous ergonomic studies for HUDs [11] - [13] . Nevertheless, because the dynamic range of ambient luminance is so large to be from several nits (e.g., in the night) to more than ten thousand nits (e.g., in the bright sunshine), it is difficult to tune an HUD's image luminance to exactly achieve such an ACR all the time. Facing this problem, Gish et al. [12] defined the acceptable range of ACR to be 1.15∼4.00, which has been widely acknowledged by the automobile industry. In particular, ACR in a bright and dark ambience tends to be lower and higher, respectively. Therefore, the three ACRs (3.90, 2.49, and 1.80) are utilized in the human factor experiments to cover typical usage scenarios of HUDs. Note that, the legibility of an HUD depends on the perceptibility of the ghost image in our study, as can be seen from Table 2 , whereas other factors may also affect the legibility. Nevertheless, in this study, other factors, such as the quality of the primary image, ACR, etc., are all well controlled except that the ghost image extent is variable. In this way, the influence the ghost image has on the legibility can be correctly obtained via the experiments without being disturbed by other factors. In addition, the subjects can score the legibility by just evaluating the ghost image performances. This means the subjective evaluation is easy for the subjects to understand, thus the evaluation results will not vary a lot among different groups of subjects.
ACR =
Image luminance + Ambient luminance Ambient luminance (2) where "image luminance" is the luminance of the image generated by the HUD, and "ambient luminance" is the luminance of the simulative driving environment projected on the screen. In the human factor experiments, first, under the ACR of 3.90, the eight disparity angles between the primary and ghost images are generated and randomly provided to each subject for him/her to subjectively evaluate. Since different disparity angles are produced by different rotation angles corresponding to different driver heights, during the evaluation, the seat height needs to be adjusted to make the subject always aim his/her sight at the center of the virtual image. Similarly, under the other two ACRs, all the 12 subjects evaluate the eight disparity angles.
After the human factor experiments, the experimental data are analyzed using SPSS software: (i) The p-value in the correlation analysis between the rating score and disparity angle is smaller than 0.001, indicating a significant correlation between the ghost image performance and disparity angle. (ii) The p-value in the correlation analysis between the rating score and the ACR is as small as 0.009, revealing that the ghost image performance is also significantly correlated to ACR. Next, evaluation results of the eight disparity angles under the three ACRs are shown via boxplots in Fig. 12 . It can be seen that the ghost image performance becomes worse with increasing disparity angle. Additionally, higher ACR leads to more noticeable ghost images. As discussed in Section 1, the brightness ratio between the primary and ghost images is a fixed value, as about 1:0.64, so a higher ACR directly brings about a higher contrast between the ghost image and the ambience, leading to a more striking ghost image against the ambience. In this study, the legibility of HUD depends on the perceptibility of ghost image because the ACR is controlled within the range for comfortable watching (irrespective of the ghost image performance) in the experiments, and the image quality of the primary image is always high-quality. Therefore, we expect that a higher ACR that brings about a higher contrast between the ghost image and the ambience causes a worse ghost image performance, which has been experimentally verified.
Finally, if an acceptable legibility is desired, the ghost image should perform no worse than what is described as score 3 in Table 2 . By selecting the maximal disparity angle level that has a median rating score no larger than 3, the maximal acceptable disparity angle can be determined. In this way, according to Fig. 12 , when the ACRs are 3.90, 2.49 and 1.80, the maximal acceptable disparity angle levels are 2, 4 and 5, respectively. According to Table 1 , levels 2, 4 and 5 correspond to the image disparity angles of 0.006°, 0.017°, and 0.024°, respectively. While designing an HUD, the variation of disparity angle can be calculated or simulated corresponding to the tolerances of the opto-mechanical system and the windshield. With the aid of the maximal acceptable disparity angles acquired above, the tolerances can be quantitatively analyzed to guarantee an acceptable legibility.
Conclusion
The ghost image is an intrinsic issue in vehicle HUDs that project images onto the windshield. Considering that the maximal acceptable extent of ghost images has not been clearly determined according to the subjective perceptions of drivers, we sought to conduct human factor experiments to investigate the issue in this paper. First, a projection-type HUD using a 1.8-inch LCD, a single aspheric reflector and a wedge-glass windshield was designed and implemented. Imaging performances of the HUD were experimentally verified, including an imperceptible ghost image. This projection-type HUD itself is an advanced optical design example as it uses only one curved reflector to reduce assembly and fabrication costs while achieving an image quality compared well with that of current commercial products using multiple curved reflectors. Next, the aspheric reflector was rotated to generate eight disparity angles between the primary and ghost images, whose values were acquired by a ray tracing calculation. Finally, human factor experiments were conducted, in which the eight disparity angles were provided to 12 subjects for them to evaluate the ghost image performances. Moreover, three different ACRs were considered. The experimental results demonstrated that the ghost image performance strongly depends on both the disparity angle and the ACR. If an acceptable legibility is desired for an HUD, the maximal acceptable disparity angles were found to be 0.006°, 0.017°, and 0.024°under ACRs of 3.90, 2.49 and 1.80, respectively.
With the aid of this conclusion, while designing an HUD, the tolerances of the opto-mechanical system and windshield can be quantitatively analyzed to ensure that the ghost image extent (in terms of disparity angle) does not exceed the proposed maximal values. This analysis can be performed using only numerical calculations or software simulations; that is, HUD design can be more efficient without iteratively developing the expensive aspheric optical system. In addition, laws and regulations for vehicle HUDs are now under preparation in many countries, so this paper can also help to provide a quantitative criterion of ghost images. In consideration of the widespread use of HUDs in cars, especially emerging AR HUDs, driving safety and visual comfort determined by the legibility of HUDs are of increasing importance. Therefore, this study can help to improve driving comfort and safety.
